Thermal annealing effects on photoluminescence properties of carbon-doped silicon-rich oxide thin films implanted with erbium J. Appl. Phys. 109, 093521 (2011) Infrared optical emission from erbium-doped silica nanowires is shown to have property characteristic of the material nanostructure and to provide the basis for the fabrication of integrated photonic devices and biosensors. Silica nanowires of approximately 150 nm diameter were grown on a silicon wafer by metal-induced growth using a thin ͑20 nm͒ sputter-deposited palladium layer as a catalyst. The resulting wires were then ion implanted with 110 keV ErO − ions and annealed at 900°C to optically activate the erbium. These wires exhibited photoluminescence emission at 1.54 m, characteristic of the 4 I 15/2 − 4 I 13/2 transition in erbium; however, comparison to similarly implanted fused silica layers revealed stronger thermal quenching and longer luminescence lifetimes in the nanowire samples. The former is attributed to an increase in defect-induced quenching partly due to the large surface-volume ratio of the nanowires, while the latter is attributed to a reduction in the optical density of states associated with the nanostructure morphology. Details of this behavior are discussed together with the implications for potential device applications.
I. INTRODUCTION
There has been an explosion of interest in the synthesis, structure, properties, and applications of nanostructures in recent years, largely stemming from the fact that materials confined in one or more dimensions can exhibit interesting properties as well as provide the basis for new devices. Nanowires ͑NWs͒, which are structures confined in two dimensions ͑typically 1 -100 m long and with diameters in the range 1-200 nm͒, represent an important class of such nanomaterials that have found widespread application in fields as diverse as microelectronics, optoelectronics, and biosensing. 1, 2 Silica NWs are of interest in this regard because silica is known to be a suitable host for optically active impurities 3, 4 and is chemically inert and biocompatible, making it a suitable choice for use in integrated photonics and biosensing. Yu et al. 5 first achieved large scale synthesis of silica NWs using a laser ablation technique to produce a SiO x vapor in the presence of a metallic Fe catalyst. The resulting NWs exhibited intense room-temperature luminescence, with blue and ultraviolet emission peaks characteristic of nonbridging oxygen centers, nonbridging oxygen hole centers, oxygen-deficient centers, and peroxylinkages. 6 Wang et al. 7 later showed that a wide variety of complex silica nanostructures could be produced by pyrolysis of a mixture of Si and SiO x , including NW bundles, brushlike arrays, and silica nanotubes. More recently, Sekhar et al. 8 have reported silica NW growth on silicon wafers coated with a thin metal layer and annealed at elevated ͑1100°C͒ temperatures. This is a particularly simple synthesis route that has been extended to include NW growth on silicon wafers implanted to high fluences with metal ions ͑Pd͒.
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While there has been intense interest in silica NWs, 5, [7] [8] [9] [10] [11] [12] [13] [14] little work has been performed on optical doping and functionalization of such materials. Several studies have noted the strong intrinsic luminescence from as-grown NWs and a recent study by Zhang et al. 15 reported photoluminescence ͑PL͒ emission from Er-implanted silica nanofiber bundles. However, this latter study examined samples implanted to very high fluences where strong concentration quenching of the erbium emission is expected. Here, we report results for Er-doped silica NWs, including the impact of the NW structure on the Er luminescence.
II. EXPERIMENTAL
A dense array of silica NWs was grown on ͑100͒-oriented silicon wafers by first coating them with a 20 nm thick Pd layer and then annealing at 1100°C for 4 h in an Ar ambient. As shown in Fig. 1 , this treatment produces a high density of randomly oriented NWs with lengths in excess of 100 m and an average diameter of around 150 nm, as previously described. 8 The transmission electron microscope ͑TEM͒ images and inset diffraction pattern confirm that the wires are amorphous SiO x .
These wires were subsequently doped with Er by ion implanting them with 110 keV ErO − ions to fluences in the range from 6 ϫ 10 14 to 1 ϫ 10 16 Er cm −2 , corresponding to peak Er concentrations in the range from 0.3 to 5 at. %. Fused silica plates were simultaneously implanted for comparison. The Er depth distribution was determined from SRIM simulations 16 and found to be approximately Gaussian with a mean-projected range of 45 nm and a full width at half maximum of around 25 nm. As the NWs have an average diama͒ Author to whom correspondence should be addressed. Electronic mail: rob.elliman@anu.edu.au.
eter of 150 nm, this means that the majority of implanted ions stop in the first NW they encounter. No obvious structural damage was caused by the implantation process, as illustrated by the scanning electron microscope ͑SEM͒ images depicted in Fig. 1 . These images are from a sample implanted to the highest Er fluence and are indistinguishable from those of unirradiated samples. Following implantation, samples were annealed at 900°C for 1 h in either N 2 or O 2 to optically activate the erbium. Oxygen annealing is expected to increase the erbium luminescence due to an increase in the fraction of Er 3+ ions and a reduction in oxygendeficient defect centers in silica.
PL measurements were performed by exciting samples with light of wavelength 488 nm from an Ar-ion laser and analyzing the luminescence emission with a Triax 320 spectrometer equipped with a high-sensitivity liquid-nitrogencooled germanium detector. The excitation laser was mechanically chopped at 15 Hz and standard lock-in techniques were employed to collect the spectra. For time resolved measurements, the output of the detector was directly connected to a digital storage oscilloscope and the response averaged over 128 cycles. The time response of the system is estimated to be less than 0.5 ms. Temperature-dependent measurements were performed over the temperature range from 10 K to room temperature ͑300 K͒ using a Janis closedcycled helium cryostat with quartz windows. Figure 2͑a͒ shows representative PL spectra from Erdoped NWs implanted to low and high fluences, together with an inset schematic illustrating the relevant Er energylevel scheme. The emission at around 1.54 m is characteristic of the 4 I 15/2 − 4 I 13/2 transition in erbium and is typical of that observed for Er-doped bulk silica. Comparison of the two spectra shows a slight broadening of the emission from the high fluence sample that is typical of concentrationquenching effects. Figure 2͑b͒ shows the integrated PL intensity as a function of pump power ͑photon flux͒ as measured at room temperature from bulk-silica and NW samples implanted to two different Er fluences. No significant saturation of the PL intensity is observed for photon fluxes up to 4 silicon clusters or nanocrystals as these are known to act as a sensitizer for Er excitation, 17 increasing the effective excitation cross section by several orders of magnitude ͑i.e., ϳ10 −16 cm −2 ͒. The lack of such indirect excitation processes was further confirmed by the lack of erbium emission under nonresonant excitation conditions ͑ = 477 nm͒.
III. RESULTS AND DISCUSSION
At low pump powers, the PL intensity, I PL , is given by I PL = n / rad , where is the absorption cross section, is the photon flux, n is the number of optically active Er ions, is the luminescence lifetime, and rad is the intrinsic radiative lifetime of the center. ͑Note that the luminescence lifetime, , and decay rate, ⌫, are inversely related, i.e., ⌫ =1/ ͒. For fixed excitation conditions, the PL intensity therefore depends on the product of the optically active Er concentration, n, and the luminescence lifetime, ͑inverse decay rate͒. Moreover, the PL lifetime represents contributions from radiative and nonradiative processes, where 1 / =1/ rad +1/ nr , where nr represents the energy transfer from an excited Er ion to a competing nonradiative channel. It is therefore necessary to measure both the PL intensity and lifetime to draw significant conclusions about changes in the active Er concentration. Figure 3 summarizes such measurements for bulk and NW samples as a function of Er implant fluence. The measurements were performed at room temperature and for samples annealed in N 2 and O 2 during the final Er activation process. For bulk-silica samples, the PL intensity initially increases with increasing implant fluence before decreasing at higher fluencies. Over this same fluence range, the PL lifetime monotonically decreases from 13 to 6 ms. Such behavior is characteristic of concentration quenching 3 but can also arise from an increase in the concentration of nonradiative defects produced by the implantation process. Bulk-silica samples annealed in O 2 show similar trends, although an increase in the active Er fraction is clearly evident from the higher PL intensities and longer luminescence lifetimes.
For NW samples annealed in N 2 , the PL intensity is observed to monotonically increase with increasing fluence over the full range of fluences studied. However, the PL intensity does appear to reach a maximum for NW samples annealed in O 2 where the active Er concentration is greatest. Fluence-dependent quenching is also apparent from the PL lifetime, which decreases with increasing fluence for samples annealed in both N 2 and O 2 . The reduced rate of concentration quenching in NW samples is likely a direct consequence of a lower effective erbium concentration in these samples due to their complex sample morphology. Indeed, the average ion-ion separation distance is expected to be larger in these samples due to the three-dimensional nature of the implanted surface.
The data in Fig. 3͑b͒ clearly show that annealing in oxygen increases the PL intensity and luminescence lifetime of both bulk-silica and NW samples. However, the increase in intensity is generally larger than the corresponding increase in lifetime, suggesting that the intensity increase is mainly the result of an increase in the active Er concentration rather than a change in the contribution of radiative and nonradiative processes. For example, for the NW sample implanted to a fluence of 6 ϫ 10 14 Er cm −2 , the intensity increases by a factor of 3-5, while the lifetime increases by around 15%-20%. Thus, the intensity increase is largely due to an increase in, n, the optically active Er 3+ fraction, with the small increase in PL lifetime believed to result from a reduction in the concentration of nonradiative defects that compete with the radiative emission.
Luminescence lifetimes, shown in Fig. 3͑b͒ , are generally longer for NW samples than for bulk-silica samples, even when concentration-quenching effects are expected to be minimal. For example, the Er PL lifetime for NW samples implanted with 6 ϫ 10 14 Er cm −2 is 21 ms, 20% longer than the 17 ms measured for a bulk-silica sample and 14% higher than the highest value expected for Er in bulk silica ͑ϳ18 ms͒. From Fermi's golden rule, the transition rate for a dipole can be written as
where is the angular frequency of the radiation, ͑R͒ is the position-dependent dielectric function, M ij is the dipole transition matrix, and ͑ , R͒ is the optical density of states, which in the far-field approximation is proportional to the refractive index of the layer. 18 Confinement of the Er ions within the silica NW is expected to reduce the available optical density of states for emission and thereby reduce the transition rate ͑i.e., increase the luminescence lifetime͒. This could arise from the fact that the erbium ions are effectively confined within a single-mode optical fiber ͑i.e., the silica NW͒, thereby limiting the number of emission modes available; however, this effect would be ameliorated by the complex morphology and curvature of the wires. Alternatively, it could arise from the expected reduction in refractive index of the NW layer. As this index is expected to lay between that of air ͑1.0͒ and silica ͑1.48͒, such an effect could readily account for the observed lifetime differences. Figure 4 shows the temperature dependence ͑10-300 K͒ of the PL intensity and lifetime measured at 1.54 m for samples implanted to fluences of 10 15 Er cm −2 ͑0.5 at. %͒ and 6 ϫ 10 15 Er cm −2 ͑3 at. %͒. Consistent with previous reports, the PL intensity and decay rate for the bulk silica reference sample exhibit only a weak dependence on temperature, although some thermal broadening of PL spectra from these samples was observed over this temperature range. The PL intensity falls around 12% between 10 and 300 K, while the lifetime decreases by around 5% over the same temperature range. In contrast, the NW samples show significant temperature quenching, particularly in the temperature range above 100 K. For the sample implanted with 1 ϫ 10 15 Er cm −2 , the PL intensity decreases by 60% over the temperature range from 10 to 300 K, while the lifetime decreases by only 7%. As noted above, the PL intensity is proportional to the product of the active Er concentration, n, and the luminescence lifetime, . The data in Fig. 4 therefore demonstrate that the reduction in intensity above 100 K is mostly due to a reduction in the optically active erbium concentration. For Er-doped c-Si, two luminescence quenching regimes have been identified. Below 150 K, an impurity Auger effect involving free carriers is dominant, and above 150 K a nonradiative, multiphonon emission process ͑back transfer process͒ is dominant. 19 However, the Auger effect is significantly reduced for Er in silica due to the low concentration of free carriers, and although back transfer is still present above 150 K, it is reduced, too, due to the large mismatch between the band gap of SiO 2 and the first excited state of Er 3+ . It is therefore speculated that quenching in the current case arises from a temperature-dependent defect interaction that is very fast compared to the luminescence lifetime. Such quenching is likely to be a direct consequence of the unique structure of the silica NWs and possibly results from enhanced charge trapping and recombination at bulk and surface defects. The latter is expected to be particularly significant due to the large surface-to-volume ratio of the NWs. Such effects are particularly germane to biosensing where surface adsorbates could be expected to influence the quenching rate of the luminescence.
The data in Fig. 4 further show that thermal quenching is concentration dependent, with the NW sample implanted to 1 ϫ 10 15 Er cm −2 exhibiting a stronger thermal quenching effect than a similar sample implanted to 6 ϫ 10 15 Er cm −2 . The reduced thermal quenching in the latter case is due to the significant concentration quenching already present in this sample, i.e., the effect of thermal quenching is mitigated by the concentration quenching for high Er concentrations. Thermal quenching becomes dominant at lower erbium concentrations where competing processes are reduced in significance.
IV. CONCLUSIONS
In summary, it has been shown that optically active silica NWs can be produced by ion implantation of dopants into pre-existing nanostructures and that the optical emission from these structures exhibits features characteristic of the nanostructure. These include a reduced luminescence decay rate due to a lower optical density of states in the NW samples, reduced concentration quenching due to a lower effective Er concentration in ion-implanted NW samples, and enhanced thermal quenching attributed to the proximity of surfaces to the emitting center and the large surface-tovolume ratio of the nanostructures. The latter is particularly significant as it suggests that the luminescence emission from Er is very sensitive to the state of the NW surface and as such should respond to changes in the surrounding ambient. This raises the possibility of using functionalized NW surfaces to selectively detect absorbed molecules via changes in the luminescence.
